In this paper, niobium-phosphate glasses doped with rare earths ͑Er and Sm͒ are investigated by Raman scattering. The goal of Raman characterization is twofold: ͑a͒ to perform a fine structural characterization of the synthesized glasses and ͑b͒ to measure the Raman gain coefficient of the samples and to compare it with fused silica. The results reveal the presence of NbO 6 octahedra and Nb-O-P-Nb-O mixed chains. A broadening of bandwidth and a significant enhancement ͑ϳ24 times͒ in gain coefficient G with respect to conventional silica glasses are also demonstrated. Raman amplification was demonstrated in the early 1970s, but the invention of erbium-doped fiber amplifiers overshadowed the interest in it. Today, Raman scattering has again become a competitive approach for optical amplification because it is only restricted by the pump wavelength and Raman active modes of the gain medium.
Raman amplification was demonstrated in the early 1970s, but the invention of erbium-doped fiber amplifiers overshadowed the interest in it. Today, Raman scattering has again become a competitive approach for optical amplification because it is only restricted by the pump wavelength and Raman active modes of the gain medium.
1,2 Pure silica and germanium-doped silica fibers, currently utilized as Raman gain media in telecommunications, have quite low Raman gain coefficients and a limited usable spectral bandwidth of approximately 5 THz. 3, 4 Therefore, the investigation of materials possessing both large Raman gain coefficients and broader spectral bandwidth than fused silica is becoming necessary to satisfy the increasing telecommunications demands. 1, 2 Phosphate glasses have earned wide technological interest due to their unique physical properties such as high thermal expansion coefficients, low melting point, and high ionic conductivity. 5 The optical properties of phosphate glasses show many favorable features for use in optical devices because of their excellent transparency and good mechanical and thermal stability. The disadvantage of a lower chemical robustness with respect to silicate glasses may be overcome by synthesizing phosphate glasses with high amount of niobium 6 and general composition lying in orthophosphate region; 7 stable materials with high optical transparency can be thus produced. Niobium-phosphate glasses might be used in a wide range of application; 6 good quality optical waveguides can also be produced by ion-exchange technique, 8 which has been recognized as a powerful tool for the fabrication of integrated optical circuits, thanks to its simplicity and flexibility. 9 While the presence of niobium gives these glasses the potential of exhibiting electro-optical and electrochromic properties, the inclusion of rare earths in the matrix, with the related photoluminescence properties, provides the capability of optical amplification as well. 10 In this paper, the Raman spectroscopy characterization of erbium-or samarium-doped sodium-niobium-phosphate glasses is presented. Spontaneous Raman scattering measurements allowed the identification of groups formed by glass formers and oxygen and of the type of chains. Moreover, Raman spectra have been used to evaluate the Raman gain of such materials by means of comparison with pure silica glass.
The glasses have been synthesized through the fusion of a small amount ͑about 50 g͒ of chemically pure oxides ͑ana-lytical grade͒ at 1250°C for 2 h in an Al 2 O 3 crucible. Finally, the melt has been poured out on a cold brass slab, annealed at the glass transition temperature ͑T G Х 500°C͒ for 2 h, and then spontaneously cooled in the switched-off oven down to the room temperature. Each obtained glass has been then cut into pieces and optically polished on both faces. The doping with one of the two rare earths chosen, namely, erbium ͑Er͒ or samarium ͑Sm͒, has been obtained by adding different amounts of erbium ͑or samarium͒ oxide to the glass batch. The samples have been labeled as PER1, PER3, PSM1, PSM3, corresponding to the rare earth content equal to 5 wt % of Er 2 O 3 , 10 wt % of Er 2 O 3 , 5 wt % of Sm 2 O 3 , and 10 wt % of Sm 2 O 3 , respectively. Table I lists the composition of the investigated glasses.
Depolarized Raman scattering measurements have been carried out in a macroconfiguration by using a Jobin Yvon Raman U1000 double monochromator equipped with an electrically cooled Hamamatsu R943-02 photomultiplier for photon-counting detection. The 457.9 nm line of an Ar + laser a͒ Electronic mail: lsirleto@na.imm.cnr.it. has been used as excitation wavelength in order to avoid contribution of erbium or samarium luminescence to the Raman spectra. The laser power at the surface of the samples was approximately 27 mW. As the intensity of the Raman active modes depends on the temperature and on the frequency of the vibrational modes, [11] [12] [13] the measured Stokes Raman intensity I͑͒ has been reduced according to the following relation:
where is the Stokes Raman shift ͑in cm −1 units͒, 0 is the laser excitation frequency ͑21 839 cm −1 ͒, N͑ , T͒ is the Bose-Einstein mean occupation number, and T is the temperature. Afterward, to correctly compare the Raman gain of niobium-phosphate glasses with the silica glass standard, the data have been corrected also for the different thicknesses of the samples and for the differences in reflection and angle of collection following the procedure reported in Ref. 14. Reduced and corrected Raman spectra have been fitted to several Gaussian components.
The reduced and corrected Raman spectra of PSM and PER glasses are reported in Figs. 1 and 2 . The most intense part of the spectrum is due to the overlapping of two bands centered at approximately 850 and 900 cm −1 , which are commonly observed in niobium-phosphate glasses. 6, 15, 16 The band at lower wave number shift could be attributed to bending modes of Nb-O-Nb bonds in NbO 6 octahedra, 6 while the band at higher wave number shift could be attributed to bending modes of Nb-O-P-Nb-O. 6 This band decreases with an increase in the content of rare earth oxides. This evidence is compatible with the substitution of Nb-O-PNb-O by different structures containing Er or Sm atoms. The spectra are also characterized by a band at approximately 680 cm −1 , which could be associated to both Nb-O bond vibrations and stretching modes in GaO 4 tetrahedra. 17 Lower bands at approximately 300 and 450 cm −1 are also compatible with Raman features observed in niobium-containing glasses that have been attributed to modes of NbO 6 octahedra and to O-Nb-O or O-P-O modes. 6 The combination of spectral features pertaining to Nband P-related structures in the glasses enormously increases the bandwidth of the Raman spectra. If the bands comprised between approximately 680 and 1120 cm −1 are considered as a whole, 18 these glasses show a bandwidth as high as about 670 cm −1 , that is, significantly greater than that of silica glasses about 460 cm −1 and is comparable to that observed in tellurite and phosphotellurite glasses. [18] [19] [20] The usable gain bandwidth of the glasses, i.e., the full width at half maximum ͑FWHM͒ of the most intense Raman spectral portion, is approximately 290 cm −1 , again higher than in silica glasses ͓approximately 210 cm −1 ͑Refs. 3 and 4͔͒. Moreover, the Raman amplitudes I and scattering cross sections 0 ͑the latter calculated as the integrated area under each Raman band in the reduced and corrected spectra͒ are higher than in silica glass by factors of the order of several tens ͑see Table II͒ . Data shown in Table II clearly indicate that the glasses studied in this work have a better Raman scattering performance, in terms of amplitudes and cross sections, than silica glass. A significantly higher Raman gain than in pure silica is therefore expected.
The Raman gain coefficient is related to the Raman cross section by means of the following equation:
where 0 is the Raman cross section at T =0 K, S is the Stokes wavelength ͑in meters͒, c is the velocity of light in vacuum, and n is the refraction index at the excitation wavelength. In order to obtain G values of the niobium-phosphate glasses, a Raman spectrum of silica glass has been measured under the same experimental conditions as the niobiumphosphate glasses. Afterward, the gain coefficient G for silica glass has been calculated by means of Eq. ͑1͒ and has been compared to the expected value for silica glass. The expected Raman gain coefficient of silica glass at 457.9 nm ͑2.16ϫ 10 −13 m / W͒ has been calculated by simply scaling the G of the silica glass for 532 nm pumping ͑1.86 ϫ 10 −13 m / W͒, assuming the 1 / pump dependence. 14 The correction factor obtained has been used to evaluate the gain coefficient at the maximum of the spectra ͑ϳ848 cm −1 ͒ of these phosphate glasses. The resulting peak Raman gain coefficient turned out to be approximately 24 times higher than in silica glass, thus pointing out the promising characteristics of these sodium-niobium-phosphate glasses for the realization of Raman amplifiers.
Before concluding, we note that Raman cross section enhancement in niobium-phosphate glasses with respect to silica glass is due to the higher polarizability of Nb-O bonds with respect to Si-O bonds. Moreover, addition of Nb in phosphate glasses, breaking the P-O-P linkages, generates nonbridging oxygens and electrical dipoles that can contribute to an increase in the refractive index, as reported in Table  II . On the contrary the effect of rare earth ion on the polarizability seems to be negligible.
In conclusion, sodium-niobium-phosphate glasses have been characterized by means of spontaneous Raman scattering. Larger spectral bandwidths and greater Raman gain coefficients with respect to fused silica have been obtained. This family of glasses, therefore, would represent a promising candidate for next generation Raman gain applications and potentially in integrated optics format as well. 
